A novel 1-naphthylamine (NA) coupled poly(2-hydroxyethyl methacrylate-co-N-methacryloyl-(L)-histidine methyl ester) [NA-PHEMAH] supermacroporous monolithic hydrophobic cryogel was prepared via covalent coupling of NA to PHEMAH for adsorption of lysozyme from aqueous solution. Firstly, PHEMAH monolithic cryogel was prepared by radical cryocopolymerization of HEMA with MAH as a functional comonomer and N,N'-methylenebisacrylamide (MBAAm) as a crosslinker directly in a plastic syringe, and then NA molecules were covalently attached to the imidazole rings of MAH groups of the polymeric structure. The prepared, NA-PHEMAH, supermacroporous monolithic hydrophobic cryogel was characterized by scanning electron microscopy (SEM). The effects of initial lysozyme concentration, pH, salt type, temperature and flow rate on the adsorption efficiency of monolithic hydrophobic cryogel were studied in a column system. The maximum amount of lysozyme adsorption from aqueous solution in phosphate buffer was 86.1 mg/g polymer at pH 8.0 with a flow rate of 1 mL/ min. It was observed that lysozyme could be repeatedly adsorbed and desorbed with the NA-PHEMAH monolithic hydrophobic cryogel without significant loss of the adsorption capacity.
INTRODUCTION
The separation and purification of proteins has become one of important prerequisites in modern biomedical and pharmaceutical industries (Lu et al., 2007) . The purity of a protein is an essential prerequisite for its structure and function studies or its potential application (Altintas et al., 2007) . The required level of purity depends on the end use of the protein: high degree of purity for structure studies or therapeutic applications, low degree of purity for industrial applications, such as in food industry or domestic detergents (Queiroz et al., 2001) . Thus, separation science and technology is a very important area, necessary for further developments in research and technology . The selection of a chromatographic technique to perform a given separation will depend on certain biological and physicalchemical properties of the target compounds, such as net charge (ion exchange chromatography), biospecific characteristics (bio-affinity chromatography), and hydrophobic characteristics (hydrophobic interaction chromatography) (Rojas et al., 2006) . In the area of biosciences and biotechnology, a wide variety of protein purification techniques are available today. However, different types of chromatography have become dominant due to their high resolving power (Queiroz et al., 2001; Altintas & Denizli, 2009) . Hydrophobic interaction chromatography (HIC) is a technique used frequently in bioseparations (Altintas et al., 2007; Rojas et al., 2006; Avcibasi et al., 2010; Graumann & Ebenbichler, 2005; Jungbauer, 2005; Uzun et al., 2004; Denkbas et al., 2002) . Chromatography based on hydrophobic interactions was first reported by Shepard and Tiselius, then termed saltingout chromatography (Ueberbacher et al., 2010) . HIC has been used to purify antibodies, (Manzke et al., 1997; O'Connor et al., 2000) recombinant proteins, (Kvassman & Shore, 1995) plasmid DNA (Diogo et al., 1999; Diogo et al., 2000) and virus-like particles (Burdena, 2012) . HIC is an important chromatography method for separation of proteins in laboratory scale as well as for production of proteins in industrial scale. Proteins in HIC are adsorbed and separated on the apolar stationary solid phase carrying immobilizied hydrophobic groups. HIC is based on the reversible interaction between the hydrophobic zones of a protein's surface and the hydrophobic ligands of a chromatographic resin. Adsorption in HIC is temperature-dependent and promoted by the salt concentration in the buffer (Ueberbacher et al., 2008) . Adsorption is driven by an increase in entropy caused by the release and rearrangement of water molecules that surround hydrophobic patches of the protein and hydrophobic residues on the surface of the adsorbent material (Perkins et al., 2007; Xia et al., 2005) .
Lysozyme (N-acetylmuramide glyconohydrolase, (EC 3.2.1.17)) is one of the best characterized hydrolases. Lysozyme, found in a variety of vertebrate cells and secretions, such as spleen, milk, tears and egg white, is a commercially valuable enzyme, and is used for different applications, e.g. as a food additive in milk products, as a cell-disrupting agent for extraction of bacterial intracellular products, as a component of ophthalmologic preparations, and as a drug for treatment of ulcers and infections (Ghosh et al., 2000) . High purity requirements for both natural and therapeutic proteins along with the commercial pressures to reduce processing costs have * e-mail: merzengin@hotmail.com Abbreviations: NA, 1-naphthylamine; MAH, N-methacryloyl-(l)-histidine methyl ester; HEMA, 2-hydroxyethyl methacrylate; PHEMAH, poly(2-hydroxyethyl methacrylate-co-N-methacryloyl-(l)-histidine methyl ester); NA-PHEMAH, naphthylamine attached-poly(2-hydroxyethyl methacrylate-co-N-methacryloyl-(l)-histidine methyl ester); MBAAm, N,N'-methylene-bisacrylamide; TEMED, N,N,N' ,N'-tetramethylethylenediamine ; APS, ammonium persulfate; SEM, scanning electron microscopy; V, volume; TWF, total water fraction. stimulated more efficient, simple and relatively less expensive separation techniques for lysozyme production in the recent years (Murakami et al., 1997; Odabasi & Denizli, 2004) . Macroporous cryogel monoliths are considered as a novel generation of stationary phases in the separation and purification of bioproducts such as enzymes, recombinant proteins, viruses and cells in downstream processes. Cryogels have interconnected macropores that are formed in moderately frozen solutions of monomeric and polymeric precursors (Lozinsky et al., 2003; Baydemir & Odabasi, 2013; Ceylan & Odabasi, 2013) . Solid particulates such as microbial cells or cell debris in the culture fluids are permitted to pass through the cryogel beds freely without blockage . Several advantages of cryogels are their large pores, short diffusion path, low pressure drop and very short residence time for both adsorption and elution stages (Yilmaz et al., 2009; Erzengin et al., 2011; Unlu et al., 2011) .
The aim of this study is to prepare a 1-naphthylamine (NA) coupled supermacroporous monolithic hydrophobic cryogel adsorbent, for adsorption of lysozyme from aqueous solution. The present work was divided into three main parts: firstly, comonomer N-methacryloyl-(l)-histidine-methyl ester (MAH) was synthesized, and then, poly(2-hydroxyethyl methacrylate-co-N-methacryloyl-(l)-histidine-methyl ester) (PHEMAH) monolithic cryogel was prepared by radical cryocopolymerization of HEMA with MAH as a functional comonomer and MBAAm as a crosslinker directly in a plastic syringe, finally, 1-naphthylamine (NA) molecules were covalently attached to the imidazole groups on the MAH to prepare NA-PHE-MAH supermacroporous monolithic hydrophobic cryogels columns. The prepared cryogel columns were characterized by scanning electron microscopy (SEM) and swelling tests. Lysozyme adsorption on the NA-PHE-MAH monolithic hydrophobic cryogel from aqueous solutions at different lysozyme concentrations, pHs, temperatures, flow rates and ionic strengths was investigated. Desorption and reusability of NA-PHEMAH monolithic hydrophobic cryogel were also tested.
MATERIALS AND METHODS

Materials.
Lysozyme (chicken egg white, EC 3.2.1.17, molecular mass 14.6 kDa), L-histidine methyl ester, methacryloyl chloride and 1-naphthylamine were supplied by Sigma (St. Louis, MO, USA). 2-Hydroxyethyl methacrylate (HEMA) obtained from Fluka A.G. (Buchs, Switzerland), distilled under reduced pressure in the presence of hydroquinone inhibitor, and stored at 4°C until use. N, N, N, was obtained from Fluka A.G. (Buchs, Switzerland) . N,N'-methylene-bis-acrylamide (MBAAm) and ammonium persulfate (APS) were supplied by Sigma (St. Louis, MO, USA). All other chemicals were of reagent grade and used as purchased without further purification. All water used in the adsorption experiments was purified using a Barnstead (Dubuque, IA) ROpure LP ® reverse osmosis unit with a high-flow cellulose acetate membrane (Barnstead D2731), and then a Barnstead D3804 NANOpure ® organic/colloid removal and ion exchange packed-bed system.
Synthesis of MAH monomer. The synthesis and characterization of MAH were performed as described by Denizli and coworkers (2003) . Briefly, 5.0 g of l-histidine methyl ester and 0.2 g of NaNO 2 were dissolved in 30 mL of a K 2 CO 3 aqueous solution (5%, v/v). This solution was cooled to 0°C. Methacryloyl chloride, 4.0 mL, was poured slowly into this solution under a nitrogen atmosphere and then this solution was stirred magnetically at room temperature for 2 h. At the end of the chemical reaction period, the pH of this solution was adjusted to 7.0, and then it was extracted with ethyl acetate. The aqueous phase was evaporated in a rotary evaporator. The solid residue (i.e. MAH) was crystallized in ethanol and ethyl acetate.
Preparation of PHEMAH cryogel monoliths. PHEMAH cryogel, is a copolymer of 2-hydroxyethyl methacrylate (HEMA) and N-methacryloyl-(l)-histidine methyl ester (MAH), was prepared by bulk polymerization which proceeds in an aqueous solution of monomers frozen inside a glass column (cryo-polymerization). Total concentration of monomers was 6% (w/v). The cryogel was produced by free radical polymerization initiated by TEMED (20 μL) and APS (100 μL). After adding APS (10% (w/v) of the total monomers), the solution was cooled in an ice bath for 2-3 min. TEMED was added and the reaction mixture was stirred for 1 min. Then, the reaction mixture was poured into a plastic syringe (5 mL, id. 0.8 cm) with closed outled at the bottom. The polymerization solution in the syringe was frozen at -12°C for 24 h, and then thawed at room temperature. Extensive cleaning procedure for removal of unconverted monomers and initiator was performed. Briefly, washing solutions (i.e. a dilute HCl solution and a water-ethanol mixture) were recirculated through the monolithic cryogel column, until it was certain that the cryogel column is clean.
Preparation of NA-PHEMAH cryogel monoliths. The supermacroporous hydrophobic monolithic cryogel column NA-PHEMAH was prepared by diazotization of 1-naphthylamine (NA) and covalent coupling of it to the PHEMAH cryogel. Briefly, 25 mg of 1-naphthylamine was completely dissolved in 10 mL of 1 M HCI solution. 75 mg of NaNO 2 dissolved in 5 mL of cold deionized water was added drop by drop to 1-naphthylamine solution. The reaction was completed by stirring with a magnet for 10 min in an ice bath. And PHEMAH cryogel was put into this solution. The pH of solution was adjusted to 9.5 with 1 M NaOH and, after gentle stirring for 3 hours at room temperature, the brownish NA-PHEMAH cryogel was washed with distilled water, and then 0.01 M Na 2 HPO 4 buffer at pH 6.0, up to no leakage of brown dye was observed in spectrophotometer. The column was stored in buffer containing 0.02% sodium azide +4°C until use. The schematic illustration of NA-coupled PHEMAH cryogel for lysozyme adsorption ( Fig. 1A) , and optical photogpaph of plain PHEMAH (White cryogel) and NA-PHEMAH cryogels (colored) are shown in Fig. 1B .
Characterization of cryogel. For the measurement of volume and free water content of the cryogel sample, φ value was estimated. A piece of cryogel sample was saturated with deionized water, and then it was immersed in water having volume V 1 ; after that, the total volume of cylinder was measured as volume V 2 . Water-saturated cryogel volume, V 0 , was calculated by the volume difference, i.e. V 0 = V 2 − V 1 . The mass of water-saturated cryogel, m w , was weighted. After squeezing the cryogel sample to remove the free water within the large pores, the mass of the cryogel sample without free water, m s , was weighted as described previously . The porosity was calculated by the following formula:
where ρ w is the density of deionized water. Then, the cryogel sample was dried in the oven at 60°C for 12-24 h to a constant mass and the dried cryogel mass, m d , was determined, and the total water fraction (TWF) was calculated by the following formula:
The morphology of a cross section of the dried NA-PHEMAH cryogel monolith was coated with goldpalladium (40:60) and investigated by SEM (FEI Quanta 250 FEG, Holland).
Lysozyme adsorption studies. The lysozyme adsorption experiments were carried out in a recirculating system equipped with a water jacket for temperature control. The NA-PHEMAH cryogel was washed with 30 mL of water, and then equilibrated with 0.02 M phosphate buffer containing 0.1 M (NH 4 ) 2 SO 4 salt (pH 8.0). Then, 20 mL of lysozyme solution was pumped through the column (column volume of 5 mL) under recirculation for 1 h by a peristaltic pump in a continuous system. The adsorption was followed by monitoring of the decrease in UV absorbance at 280 nm. The maximum adsorption capacity of lysozyme on NA-PHEMAH cryogel was estimated according to its adsorption isotherm. Effects of pH (6.0-11.0), lysozyme concentration (0.1-3.0 mg/mL), flow rate (1.0-2.0 mL/min) and the temperature (5-25°C) on the adsorption capacity were studied. To observe the effects of salt type on adsorption, buffer solutions including 0.1 M of (NH 4 ) 2 SO 4 , Na 2 SO 4 and NaCl were used. All measurements were repeated three times to determine mean values and their standard deviations by the standard statistical method.
Desorption and repeated use. In a typical desorption experiment, 30 mL of desorption agent was pumped through the cryogel at a flow rate of 1.0 mL/min for 30 min. In all cases, lysozyme elution studies were performed using 0.05 M phosphate buffer (pH 6.0) containing 0.1 M ethylene glycol solution. The final lysozyme concentration in the desorption medium was determined spectrophotometrically at 280 nm. When desorption was achieved, the NA-PHEMAH cryogel was cleaned with 1M NaOH and then re-equilibrated with 0.02 M phosphate buffer containing 0.1 M (NH 4 ) 2 SO 4 salt (pH 8.0). The desorption ratio was calculated from the amount of lysozyme adsorbed on the NA-PHEMAH cryogel and the final lysozyme concentration in the desorption medium. In order to determine the reusability of NA-PHE-MAH column, lysozyme adsorption and desorption cycle was repeated 30 times using the same cryogel column.
RESULTS AND DISCUSSION
Characterization of cryogel
In this study, we prepared a novel supermacroporous monolithic hydrophobic cryogel [NA-PHEMAH] for adsorption of lysozyme from aqueous solution. Firstly, PHEMAH monolithic cryogel was produced by polymerization in the frozen state of monomers, HEMA and MAH with MBAAm as a cross-linker in the presence of APS/TEMED as an initiator/activator pair, and then, NA molecules were covalently attached to the imidazole groups on the MAH reactive functional groups of the polymeric structure. The chemical structure of newly synthesized NA-PHEMAH monolith was given as Fig. 2 . The SEM images of the internal structures of the NA-PHEMAH cryogel are shown in Fig. 3 . NA-PHE-MAH monolithic cryogel produced in such way have porous and thin polymer walls, large continuous interconnected pores (10-100 µm in diameter) that provide channels for the mobile phase to flow through.
Pore size of the matrix is much larger than the size of the protein molecules, allowing them to pass easily through the pores. Lysozyme is a kind of ovoglobulin with ellipsoidal shape, its size is 4.5 nm × 3 nm × 3 nm, and a relative molecular weight is 14.300-14.600. As a result of the convective flow of the solution through the pores, the mass transfer resistance is practically negligible. The porosity, φ, and the total water fraction, TWF, of the NA-PHEMAH cryogel were measured with deionized water as 68.4 and 88.7% v/v, respectively. These results indicate that about 20.3% of the total water was bound by the small pores of polymer matrix where almost no flowing liquid passed through. However, the large pores constituting 68.4% of the total pores were filled with free water and most of the fluid flow took place within these large pores. On the other hand, the total water content of the NA-PHEMAH cryogel was found lower than the PHEMA cryogel. This result can be explained with hydrophobicity of NA.
Adsorption of lysozyme from aqueous solutions
Effect of pH
As shown in Fig. 4 , the pH value of the binding buffer had a great effect on the adsorption of lysozyme. The buffer systems used in this study were prepared with 0.02 M acetate (pH 4.0-5.0), 0.02 M phosphate (pH 6.0-8.0) and 0.02 M carbonate (pH 9.0-11.0). All the buffers were containing 0.1M (NH 4 ) 2 SO 4 . In pH ranges studied between 6.0-11.0, the excellent adsorption capacities were observed at pH 8.0 as 86.1 mg/g. Below and above this pH, adsorption capacity sharply decreased. This can be explained by electrostatic repulsions between charged groups of lysozyme and NA-PHEMAH croygel matrix. It has been known that in HIC the proteins are adsorbed and separated on the apolar stationary solid phase carrying immobilizied groups. Lysozyme molecule has one histidine, four aspartic acid, two glutamic acid and two tyrosine residues (on the basis of its surface accessible residues). Aromatic side chains of tyrosine amino acid (together with tryptophan and especially phenylalanine) of lysozyme molecules could cause of hydrophobic interaction with the aromatic ring of NA molecules. In addition, NA ligand show a mixed mode behavior where both aromatic and hydrophobic interactions are possible. The aromatic groups of NA have a potential for π-π interactions. Nonspesific lysozyme adsorption onto plain PHEMAH cryogel was negligible (8.1 mg/g) at all the pH ranges studied. This nonspecific adsorption may be due to the diffusion of lysozyme molecules into the swollen cryogel and weak interactions between hydrophilic amino acids of lysozyme surface and PHEMAH cryogel surface. Figure 5 shows the effect of initial lysozyme concentration on adsorption capacity onto the NA-PHEMAH and plain PHEMAH cryogel. The adsorption values increased with increasing concentration of lysozyme, and a saturation value was achieved at lysozyme concentration of 3.0 mg/mL, which represents saturation of the active binding cavities on the NA-PHEMAH cryogel. Maximum adsorption capacity was determined as 225.4 mg/g.
Effect of initial concentration of lysozyme
There is a great deal of literature available about different forms of affinity adsorbents for the adsorption and purification of lysozyme from different sources. A comparison of the lysozyme adsorption capacity of different cryogel based hydrophobic affinity adsorbents was given in Table 1 . The maximum lysozyme adsorption that we achieved in this study was 225.4 mg/g, which was quite comparable with the related literature.
Adsorption isotherms
To evaluate the adsorption properties, modeling of the equilibrium data has been done using the Langmuir and Freundlich isotherms. According to Langmuir adsorption model, molecules are adsorbed at a fixed number of well-defined sites, each of which is capable of holding only one molecule. These sites are also assumed to be energetically equivalent and distant from each other so that there are no interactions between molecules adsorbed on adjacent sites. The Freundlich isotherm describes reversible adsorption and is not restricted to the formation of the monolayer.
The Langmuir adsorption isotherm is shown by Eqn. (3) Q = Q max. b . C eq / (1 + bC eq )
where Q is the adsorbed amount of lysozyme (mg/g), C eq is the equilibrium lysozyme concentration (mg/mL), b is the Langmuir constant (mL/mg) and, Q max is the maximum adsorption capacity (mg/g). This equation can be linearized so that:
The plot of C eq versus C eq /Q was employed to generate the intercept of 1/Q max .b and the slope of 1/ Q max. The other well-known isotherm, which is fre- quently used to describe adsorption behavior, is the Freundlich isotherm (5): (5) where K F is the Freundlich adsorption constant (mg/g), Ce is the equilibrium lysozyme concentration (mg/mL), and n is the Freundlich exponent which represents the heterogeneity of the system. In Fig. 6 and Table 2 , the experimental adsorption behavior was compared with Langmuir and Freundlich adsorption isotherms. According to the correlation coefficients of isotherms, Freundlich adsorption model is applicable to this system.
It has been reported that the magnitude of the exponent 1/n gives an evidence of the favorability and the capacity of the adsorbent system (Huang et al., 2007) .
If the values of 1/n is in the range 0.1-1, the system is shows favourable adsorption. In this study, with the exponent value of 0.486, the system represents favourable adsorption.
Effect of flow rate
The flow rate through an affinity chromatography support is an important parameter in generating an optimal separation. Therefore, the amount of lysozyme adsorbed onto the NA-PHEMAH monolithic cryogel at different flow rates was studied. As shown in Figure 7 , the lysozyme adsorption capacity onto the NA-PHEMAH cryogel decreases when the flow rate through the column increases. The adsorption capacity decreased significantly from 86.1 to 17.9 mg/g polymer with the increase of the flow rate from 1.0 to 2.0 mL/min. An increase in the flow rate reduces the solution volume treated efficiently until breakthrough point and therefore decreases the service time of cryogel column. This is due to decrease in contact time between the lysozyme molecules and NA-PHEMAH monolithic cryogel column at higher flow rates. These results are also in agreement with those referred to the literature (Valdman et al., 2001) . When the flow rate decreases the contact time in the column is longer. Thus, lysozyme molecules have more time to diffuse to the pore walls of cryogel and to bind to the ligand; hence, a better adsorption capacity is obtained. In addition, for column operation the cryogel is continuously in contact with a fresh protein solution. Consequently, the concentration in the solution in contact with a given layer of cryogel in a column is relatively constant.
Effect of temperature
Effect of temperature on the adsorption of lysozyme onto the NA-PHEMAH monolithic cryogel is presented in Fig. 8 . This study was conducted in the range of 5-25°C. In hydrophobic interaction chromatography (HIC), increasing the temperature enhances protein retention and lowering the temperature generally promotes the protein elution. Lysozyme adsorption capacity of the NA-PHEMAH cryogel was significantly increased with increasing the temperature up to 25°C.
Effect of salt type
In HIC, type and concentration of salt used in the buffer and sample solution influence the ligand-protein interactions and consequently the protein retention. Ammonium sulfate and sodium chloride are the most commonly used salts in HIC applications. In practice, salts such as sodium, potassium or ammonium sulfates are the most effective salts to promote ligand-protein interactions, due to the higher molal surface tension increment effects. For these reason, (NH 4 ) 2 SO 4 , NaCl and Na 2 SO 4 were used to investigate the effect of salt type on the adsorption capacity. The ionic strength of all the salts studied here were 0.1 M. As shown in Fig. 9 , the amount of lysozyme adsorbed were 15.30, 35.79, 52.08 and 80.07 mg/g for no salt condition, (NH 4 ) 2 SO 4 , NaCl and Na 2 SO 4 , respectively.
Desorption and reusability studies
Desorption of lysozyme from NA-PHEMAH monolithic cryogel was also studied in column system. In a typical desorption experiment, 30 mL of the desorption agent was pumped through the cryogel at a flow rate of 1.0 mL/min. The final lysozyme concentration in the desorption medium was determined spectrophotometrically at 280 nm. The desorption of lysozyme is expressed in percentage of totally adsorbed lysozyme. Up to 95.1% of the adsorbed lysozyme was desorbed by using 0.05 M phosphate buffer (pH 6.0) containing 0.1 M ethylene glycol solution. When desorption was achieved, the cryogel was cleaned with 1 M NaOH and then reequilibrated with 0.02 phosphate buffer containing 0.1M (NH 4 ) 2 SO 4 salt (pH 8.0). In order to test the reusability of NA-PHEMAH monolithic cryogel, lysozyme adsorption-desorption cycle was repeated for thirty times using the same cryogel column. There was no remarkable reduction in the adsorption capacity of the cryogel. In order to regenerate and sterilize after the desorption, the cryogel was washed with 1 M NaOH solution.
CONCLUSION
In this study, 1-naphthylamine (NA) coupled supermacroporous monolithic hydrophobic cryogel adsorbent was prepared for adsorption of lysozyme from aqueous solution. The main advantage of newly synthesized NA-PHEMAH cryogel is the fact that it contains covalently attached functional ligand, so there is no risk of ligand leakage into the medium. The maximum lysozyme adsorption was observed at pH 8.0 as 86.1 mg/g. Below and above the maximum adsorption pHs, adsorption capacity decreased significantly. The lysozyme adsorption capacity on NA-PHEMAH cryogel decreased as the flow rate increased. The lysozyme adsorption capacity decreased only 8% after 30 adsorption-desorption cycles. In recent years, production of cryogels for protein purifications has gained much attention in the area of biochromatography. Biocompatible polymers offer promising potential for exploitation of natural products. Preparing a biocompatible cryogels carrying 1-naphthylamine as a ligand can provide potential benefits for medical, material or cosmetic research areas. It has been shown in this study that NA-PHEMAH hydrophobic monolithic cryogel has good chromatographic properties and is a good candidate for application in the separation of proteins from biological fluids. Moreover, further studies are needed to assess its selectivity. 
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